A glacier submodel was successfully integrated into the distributed hydrological model WaSiM-ETH to simulate the discharge of a heavily glaciated drainage basin. The glacier submodel comprises a distributed temperature index model including solar radiation to simulate the melt rate of glaciated areas. Meltwater and rainfall are transformed into glacier discharge by using a linear reservoir approach. The model was tested on a high-alpine sub-basin of the Rhone basin (central Switzerland) of which 48% is glaciated. Continuous discharge simulations were performed for the period 1990-1996 and compared with hourly discharge observations. The pronounced daily and annual fluctuations in discharge were simulated well. The obtained efficiency criterion, R 2 , exceeds 0.89 for all years. The good performance of the glacier submodel is also demonstrated by integrating it into the hydrological model PREVAH.
INTRODUCTION
Discharge modelling of glaciated drainage basins is required to predict streamflows for water supply, hydropower management and flood forecasting, and to deal with questions concerning the impact of climate change on the hydrological system of glaciated drainage basins. Hydrological models applied to glaciated areas should therefore be able to simulate accurately glacier melt processes and the typical runoff characteristics of glaciated basins. The discharge of glaciated basins shows a distinctive annual variation, since snow is stored in winter and released by melting in summer. Discharges also show a daily variation due to the daily cycle of meteorological factors. However, there is a lack of spatially distributed hydrological models that accomplish runoff and water balance simulations for partly glaciated basins over long time periods.
In this study, two complex spatially distributed hydrological models, developed at the Institute for Climate Research of the ETH-Zurich, were extended by incorporation of a glacier submodel. The extended hydrological models were then used to simulate the discharge and the water balance of the heavily glaciated Rhone basin above the village Gletsch over seven years. The glacier submodel was integrated into the gridded hydrological model WaSiM-ETH (Water balance Simulation Model-ETH) (Schulla, 1997) and into the PREVAH model (Precipitation-Runoff-Evaporation-Hydrotope model) (Gurtz et al, 1997 (Gurtz et al, , 1999 . This paper mainly focuses on the extension and the application of WaSiM-ETH (Klok & Roelofsma, 1999) .
Methods that simulate glacier melt range from simple temperature index methods to more physically-based energy balance methods (Hock, 1999) . Temperature index methods are based on the strong relationship between air temperature and melt rate (Finsterwalder & Schunk, 1887) . The glacier submodel that was integrated in both hydrological models comprises an extended temperature index method and a discharge model. A temperature index method including global radiation after Hock (1999) is used for the continuous simulation of glacier melt. It was chosen instead of an energy balance method for three reasons. First, energy balance models require large quantities of meteorological data; second, there is still considerable uncertainty about the parameterization of the turbulent heat fluxes above glaciers; third, many energy balance models are restricted to the main melt season, because the seasonally variable heat content of the glacier is not taken into account (Hock, 1998) . The temperature index method is coupled to a discharge model to calculate the glacier runoff. A discharge model involves the drainage of meltwater and rainfall through the glacier to the glacier snout and depends on the englacial drainage system. Modelling the englacial drainage system explicitly is difficult, therefore the frequently applied concept of linear reservoirs (Baker et al, 1982) is used in this study. The snow, firn and ice areas of the glacier are treated as three parallel linear reservoirs. By assigning different storage constants to the three reservoirs, their hydraulic properties are taken into account. The spatial variation in melt rate over the glacier is also accounted for by the division into three reservoirs.
DESCRIPTION OF THE DRAINAGE BASIN
The Rhone basin above the village Gletsch is located in central Switzerland (46°62'N, 8°41'E) and contains both glaciated and unglaciated areas (see Fig. 1 ). Its altitude ranges from 1757 m a.s.l. (gauging station Gletsch) to 3630 m a.s.l. (Damma Stock) and has a mean value of 2720 m a.s.l. The basin covers an area of 38.9 km 2 of which 48% is glaciated. The River Rhone originates in this basin (Weilenman, 1979) . The Rhone Glacier (17.4 km 2 ) is the dominant source for the runoff during the melt season (Bernath, 1991) . The Mutt Glacier located in the southeast of the basin is much smaller (0.57 km 2 ). During the period 1850-1970 the Rhone Glacier retreated 2.2 km (Aellen, 1981) . The vegetation of the basin is highly differentiated due to the fact that the altitude of the area ranges from higher sub-alpine regions to the main alpine regions.
DATA COLLECTION
Several gridded data sets and time series of meteorological and hydrological data are required to model the discharge of the Rhone/Gletsch basin.
The gridded data sets can be divided into elevation data, land use data and soil type data. All gridded data sets have a resolution of 100 m. The Digital Elevation Model (DEM) of Switzerland (BLT, 1991) is used in this study. Data sets for slope, aspect of the slope and the river network were extracted and model parameters, e.g. flow times and routing parameters, were derived from the DEM gridded data. Information about land use is obtained by using the "Arealstatistik der Schweiz" (BFS, 1993) . It distinguishes 67 types of land use. Gridded values for leaf area index, stomatal resistance, root depth and aerodynamic resistance were derived from this data set. The third important source of land surface data is the "Digitale Bodeneignungskarte der Schweiz" (BFS, 1995) . This map contains qualitative information about the soil characteristics. Gridded values for porosity, hydraulic conductivity, wilting point and field capacity of the soil were derived from this.
The meteorological data used in this study were measured by several networks of the Swiss Meteorological Institute. Meteorological data from six automatic stations were used where hourly values of precipitation, air temperature, global radiation, vapour pressure, wind speed and sunshine duration are measured. Additionally, data from three conventional stations were used where precipitation is observed at 07:00 and 19:00 h, and air temperature and wind speed are observed at 07:00, 13:00 and 19:00 h. Furthermore, daily sums of precipitation from 10 raingauges were used. All meteorological stations are located in the surroundings of the basin up to 35 km. The data that are not measured on an hourly basis were interpolated over the day to gain the same temporal resolution as the data from the automatic stations. Time series for the period 1990-1996 were used. To calibrate the model, time series of observed discharges at gauging station Gletsch for the period 1990-1996 were needed. Hourly discharge data at this station were provided by the Swiss National Hydrological and Geological Survey (LHG).
MODEL DESCRIPTION AND APPLICATION OF WaSiM-ETH
The model mainly used in this study is WaSiM-ETH (Schulla, 1997) , which is a gridded model that performs calculations per grid cell and per sub-basin. The spatial resolution of the grid cell can range from metres to kilometres. The highest resolution in time which can be used for modelling the hydrological processes is one minute. In this study, the Rhone/Gletsch basin was divided into 3968 grid cells with a spatial resolution of 100 m x 100 m. The time step used was one hour.
WaSiM-ETH is subdivided into several submodels which are outlined in Fig. 2 . For most of the submodels, WaSiM-ETH offers several methods to calculate the same variable. The method used for modelling a component of the water balance normally depends on the availability of the input data. WaSiM-ETH also offers various modules for data preprocessing and postprocessing. A complete model description is given in Schulla & Jasper (1999) . In this paper, only the submodels which are important for this study will be described briefly. The methods presented are taken from Schulla (1997) , unless stated otherwise.
Precipitation correction
Raingauge measurements are error-prone (systematically underestimated) and have to be corrected (Sevruk, 1986) . In WaSiM-ETH, the correction of precipitation is carried out separately for rain and snow using wind speed as a parameter following:
where P C0[T is the corrected precipitation (mm), P is the measured precipitation (mm), u is the wind speed (m s" 1 ) and a (-) and b (s m" 1 ) are correction factors which are different for liquid (in this study a= 1.04 and b = 0.04) and solid precipitation (in this study a =1.18 and b = 0.20).
Interpolation of meteorological data
The WaSiM-ETH model allows the user to interpolate the meteorological variables using several methods such as inverse distance weighting (IDW) interpolation, altitude dependent regression and a weighted combination of the two. In this study, all meteorological variables are measured outside the basin and have to be spatially interpolated to obtain values for each grid cell. Because of the dependence on altitude, such variables as temperature, vapour pressure, wind speed and incoming solar radiation are interpolated using altitude dependent regression. For each meteorological variable and each time step, altitude-dependent gradients are calculated using the data (THOMPSON et al, 1981) approach after ANDERSON (1973) or T-index; glacier: Hock (1998) maximum storage capacitydependent on leaf area index; depletion through potential evaporation infiltration after GREEN and AMPT (1911) using saturation time after PESCHKE (1977 PESCHKE ( , 1987 generating surface runoff generating interflow generating naseflow translation-retentionapproach using hydraulic parameters for channels discharge routing total discharge Fig. 2 Structure of the hydrological model WaSiM-ETH (Source: Schulla et al, 1999) . The submodels indicated in the large grey box calculate water fluxes for each grid cell. The submodels outside the grey box generate water fluxes (i.e. surface runoff, interflow, baseflow) for the total (sub-)basins.
of the meteorological stations. Sunshine duration is interpolated using IDW, which is based on the assumption that the conditions at each grid cell can be described by a weighted average depending on the distances between the grid cell and the surrounding meteorological stations inside a specified search radius. For precipitation a combination of 75% IDW and 25% altitude dependent regression is chosen. These values reflect the character of precipitation in this region and agree with data documented in several publications (e.g. Sevruk, 1986) .
Adjustment of radiation and air temperature modification
Radiation and air temperature are influenced by topography. The incoming radiation is corrected for slope and aspect of the slope (Oke, 1987) . Shading of a grid cell is also estimated for every time step. The air temperature is modified depending on the daily sunshine duration, the angle of incidence between the normal to the grid cell and the solar beam and the local zenith angle.
Potential and actual évapotranspiration
The potential évapotranspiration is calculated using the Penman-Monteith method (Monteith, 1975; Brutsaert, 1982) . The actual évapotranspiration depends on the soil water content. If the soil water content is below wilting point, the actual évapotranspiration is zero. If the soil water content is between wilting point and saturated soil water content, the actual évapotranspiration is a function of the actual soil water content.
Snow accumulation
Snow storage is calculated for both glaciated and unglaciated grid cells. Snowfall depends on the air temperature. Two threshold temperatures are used to separate solid precipitation from liquid precipitation according to:
^""w = r * /5 t5' rans~r for (T SIS -T ttm J<T<(T R)S +T mm ) (2) trans where P sn0 w is the part of snow from total precipitation (-), TR/S is defined as the temperature at which 50% of the total precipitation is snow (°C), T is the current air temperature (°C) and 2T tmr a is the temperature range where both snowfall and rainfall occur (°C). Below TR/S -T tmm only snowfall occurs; above TR/S + T tTam precipitation is liquid.
Snowmelt rate for unglaciated grid cells
The melt rate on unglaciated grid cells is calculated according to the classical degreeday method. This method was already part of WaSiM-ETH before the glacier model with its own snowmelt module was implemented. The melt rate is calculated following (Lang, 1986) :
where M is the melt rate of snow (mm per time step), DDF is the degree-day factor (mm day"' "C" 1 ), ris the positive mean temperature (°C), T 0 is a threshold temperature (°C) and n is the number of time steps per day. A part of the meltwater is stored in the snow pack. An empirical factor determines the storage capacity of snow as a percentage of the total snow reservoir. A value of 5% was found for this factor by calibrating the model. The meltwater that is not retained by snow either infiltrates into the soil or is discharged as surface runoff.
Glacier submodel
To calculate the melt rate of the glaciated grid cells, a temperature index method including measured global radiation is used (Hock, 1999) . This method includes solar radiation to overcome some of the shortcomings of the classical degree-day method, which does not sufficiently simulate the diurnal variability in melt rate. Melt rates are determined to a large extent by incoming solar radiation which is influenced by atmospheric and topographic conditions and is subject to pronounced daily cycles (Hock, 1999 ). The method is described by:
where MF is a temperature melt factor (mm day" 1 °C _1 ), a sn0 w/ice is a radiation melt coefficient (mm per time step °C' 1 W l m 2 ) different for snow and ice surfaces and I is the incoming solar radiation (W nf 2 ) at the ice or snow surface, T is the positive mean temperature (°C), 7b is a threshold temperature (°C) and n is the number of time steps per day. The snow area is defined as the glacier area above the equilibrium line plus the area below the equilibrium line which is temporarily covered by snow. The ice area is the area below the equilibrium line with exposed ice. The equilibrium line altitude is assumed to be constant in time during the calculation. The altitude of the equilibrium line of the Rhone Glacier is estimated at 3050 m a.s.l. (Badoux, 1999) . The equilibrium line of the Mutt Glacier is estimated to be lower, at an altitude of 2800 m a.s.l., because the Mutt Glacier is north facing and more shaded than the south facing Rhone Glacier (see Fig. 1 ). A sensitivity analysis indicated that changing the altitude of the equilibrium line by 100 m has a negligible effect on the model results.
The transport of rainwater and meltwater through the glacier to the glacier snout is calculated according to a discharge model used by Hock & Noetzli (1997) , based on Baker et al. (1982) . This linear reservoir approach uses three reservoirs: firn, snow and ice. Total hourly discharge at the glacier snout is described by:
where Q(t) is the discharge at the glacier snout (mm per time step), i is an index for each reservoir: snow, firn and ice, Q,{t-l) is the discharge of reservoir i at the previous time step (t-1) (mm per time step), k, is the storage constant of reservoir i and Ri(t) is the rate of water inflow to reservoir i during the time step and equals the sum of meltwater and rainwater (mm per time step). The firn reservoir is defined as the area above the equilibrium line and the ice reservoir is defined as the area of exposed ice below the equilibrium line. The snow reservoir is the snow-covered area below the equilibrium line. The values of the storage constants are obtained by calibration.
The same storage constants are taken for the Rhone and the Mutt glaciers, since the discharges of the individual glaciers are not observed. Therefore, determining storage constants for each glacier by calibration is impossible. It is assumed that identical storage constants for both glaciers will not have a substantial effect on the simulated discharge since the Rhone Glacier is thirty times larger than the Mutt Glacier. Infiltration of meltwater from the glacier into the subglacial soil layers is not simulated. The glacier discharge flows directly into the surface drainage system. A retreat or advance of the glacier is also not simulated. The glacier area and the position of the glacier front are assumed to be constant in time. Since the front of Rhone Glacier has retreated 59 m during the period 1990-1995 (Haeberli et al, 1998) , the simulation period is seven years and the spatial resolution of the model simulation is 100 m, this assumption is justified.
Interception storage
Interception storage is defined as the storage of precipitation and meltwater on vegetation and on the soil surface. Interception is calculated for the unglaciated grid cells. The storage capacity of a grid cell which is covered by vegetation depends on the type of vegetation and the corresponding leaf area index. As long as the interception reservoir contains water, the actual evaporation equals the potential evaporation. During this time, only water from the interception storage evaporates.
Soil model
WaSiM-ETH uses the Richards equation for modelling the water fluxes within the unsaturated soil zone. This provides a physically based process description which reduces the time needed for model calibration, and couples well to the detailed groundwater model of WaSiM-ETH. The model is one-dimensional in the vertical direction using a soil separated into several layers. The water flux q between two layers with indices u (upper) and / (lower) is given by:
,
where q is the flux of water between two discrete layers (m s" 1 ), & e ff is the effective hydraulic conductivity (m s" 1 ), d is the thickness of the layers (m) and hh is the hydraulic head (m) depending on the water content, given as sum of suction \|/(0) ( m ) (calculated after Van Genuchten (1976)) and the geodetic altitude h geo (m). A finite difference scheme is applied for solving equation (6). After transforming the Richards equation into its discrete form the fluxes between the discrete soil layers are calculated, followed by the calculation of interflow, drainage, and exfiltration into or infiltration from rivers. The upper boundary condition is the infiltration amount estimated after Green & Ampt (1911) using the extended approach after Peschke (1977 Peschke ( , 1987 .
The horizontal water flux in the unsaturated soil layers is defined as interflow. WaSiM-ETH calculates interflow rates for each grid cell depending on the actual suction of the soil layers. If the suction (\\i m ) in soil layer m is less than 3.45 m, interflow rates are calculated considering the maximum possible interflow qm.mm as drainable water content of the actual soil layer and the interflow q m as a result of the parameters saturated hydraulic conductivity, flow density and hydraulic gradient. Then the calculated grid cell values for interflow are summarized and transformed into a total interflow rate by using a linear reservoir approach while the spatial distribution is no longer considered.
The baseflow for each grid cell is not calculated by the detailed groundwater model of WaSiM-ETH, but according to:
where Q b is the baseflow rate (m s 4 ), Q 0 is a scaling factor (-), k s is the saturated hydraulic conductivity (m s" 1 ), how is the groundwater level (m a.s.L), ho is the surface elevation (m a.s.l.) and fo is a recession constant for baseflow (m).
Discharge routing
The glaciated part (Rhone and Mutt glaciers) and the unglaciated part of the river basin are treated as two sub-basins. The discharge at the outlet of the basin at gauge Gletsch is calculated by routing the discharges of the individual sub-basins through the interconnecting rivers. WaSiM-ETH simulates the discharge routing based on the hydraulic calculation of the flow velocities using the Manning-Strickler equation. Schulla (1997) describes the sensitivity of the model parameters of WaSiM-ETH. A sensitivity study of the model parameters concerning the glacier melt and discharge methods was done by Hock & Noetzli (1997) and Hock (1999) . The temperature melt coefficient (MF) and the radiation melt coefficients for snow (a mow ) and ice (a; ce ) showed an interdependence. The results of these sensitivity studies were used for calibrating the model for the Rhone/Gletsch basin. The values for the model parameters after calibration are given in Table 1 .
PARAMETER ESTIMATION

RESULTS
The period 1990-1992 is used for calibration, followed by validation runs for the years 1993-1996. Initial values for the storage reservoirs were gained by running the model for the period 1 January 1990-31 December 1994. This period was chosen, because the snow conditions of January 1995 and January 1990 were nearly the same.
The calibration of the model was assessed by comparing measured and calculated discharges at gauge Gletsch using the efficiency criterion, R 2 (Nash & Sutcliffe, 1970) , given by: where Q m is the measured discharge, Q s is the simulated discharge and n is the number of time steps for which R 2 is calculated. The value of R 2 can range from minus infinity to one. An efficiency of one indicates that the model results exactly equal the observations. The efficiency criterion is automatically calculated by WaSiM-ETH and is also used to judge the performance of the model during the validation runs. The mean efficiency criterion for the whole model period is 0.91 (linear) and 0.89 (logarithmic).
The measured and simulated discharge for 1994 is shown in Fig. 3 . For the runoff simulations of 1994, the values of R 2 for the linear and the logarithmic cases are: 0.92 and 0.94, respectively. The simulated discharge reflects daily and seasonal fluctuations fairly well. However, the amplitude of the diurnal fluctuations in midsummer appears too low. Furthermore, it can be noticed that the simulated runoff in autumn is slightly overestimated. The baseflow in winter is again simulated well. Table 2 shows the simulated water balance of the Rhone/Gletsch basin for the period 1990-1996. The total runoff consists of surface runoff, interflow, baseflow and glacier discharge. The glacier discharge can be divided into meltwater from the ice, the firn and the snow area. Simulated and measured total runoff match very well. Glacier meltwater accounts for 61% of the total runoff. The simulated évapotranspiration (124 mm year" 1 ) is in agreement with values found in the Hydrologischer Atlas der Schweiz (LHG, 1992) , which shows a calculated mean annual real évapotranspiration rate between 100 and 200 mm year" 1 for the Rhone/Gletsch basin over the period [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] . For precipitation, the Hydrologischer Atlas der Schweiz gives mean annual values between 2400 and 3200 mm year" 1 for the basin. These values are based on precipitation measurements from the years over the total basin, simulated by WaSiM-ETH, is within the limits of these precipitation measurements. The mean calculated change in water storage is +116 mm year" 1 . Apparently, the input of water into the basin exceeds the outflow and water is stored. The change in water storage could be explained by uncertainties in the estimation of the correction factors for the precipitation measurements and/or by an increase in glacier mass. Unfortunately, mass balance measurements are not carried out on the Rhone Glacier. Therefore the calculated change in glacier mass can not be checked against measurements. Figure 4 shows the mean distribution of the glacier discharge components for the period 1990-1996. Snowmelt on the glacier starts in April, followed by firn and ice melt in the second half of May. The ice and firn melt ends in November whereas snowmelt on the glacier comes to an end in late November. Snowmelt peaks in the beginning of July. Increasing snowmelt results in an increase in exposed glacier ice, causing the ice melt to peak later, in August. The peak of firn melt lies in between those peaks which is the end of My.
An additional run for the year 1994 was done using the classical degree-day method for simulating the melt rate of the glacier (equation (3)) instead of the extended temperature index method including solar radiation (equation (4)). Two degree-day factors were used, one for the snow/firn area and one for the ice area. An optimal degree day factor of 6.5 mm day" °C" was found for snow/firn melt and 7.5 mm day 1 °C 4 for ice melt. The ice value exceeds the value for snow and firn because of the difference in albedo. Figure 5 shows the simulated glacier discharge over a period of two weeks in the main melt season using the two different methods. Differences between the simulated glacier discharges are mainly observed in the daily amplitude. The daily fluctuation in discharge increases if solar radiation is included in the melt method. The linear R 2 is 0.79 for the runoff simulations of 1994 using the classical degree-day model, whereas R 2 is 0.92 if the temperature index method including solar radiation is used. Therefore, including solar radiation improves glacier discharge simulations, which is a consequence of the strong daily cycle of solar radiation compared to temperature.
COMPARISON WITH AN APPLICATION OF THE DIFFERENT STRUCTURED MODEL PREVAH
For a comparison, and a second verification of the WaSiM-ETH results, the simpler and more conceptually structured hydrological catchment model PREVAH was applied to simulate the hydrological processes in the Rhone/Gletsch basin for the period 1990-1996.
Model structure of PREVAH
PREVAH is a spatially-distributed hydrotope-related hydrological model (Gurtz et al, 1997 (Gurtz et al, , 1999 ) that consists of several submodels. The snow and glacier submodels, as well as the interception and evaporation submodels, correspond to those used in WaSiM-ETH. The retention and freezing of liquid water within the snow cover is also accounted for.
However, the snow model for the unglaciated area relies on the combination of a temperature index (Braun, 1985) and an energy balance approach (Anderson, 1973) . Furthermore, the glacier submodel integrated in PREVAH is able to calculate the snowmelt of the glaciated areas either with the snow model used for the unglaciated areas, or with the extended temperature index method including solar radiation, which is also used for the calculation of ice melt. There is also a difference in the routing of the glacier discharge: in contrast to WaSiM-ETH, the meltwater discharge from the firn reservoir flows directly into the groundwater reservoir.
Inputs into the soil water and runoff reservoirs are calculated as a function of the soil moisture content and the soil characteristics of different hydrologically-similar response units (HRUs). The submodels for runoff formation originate from an ETH version of the HBV model (Bergstrôm, 1976; Jensen, 1986) , but have been adapted to the HRU-based modelling of runoff formation in PREVAH. The modifications on the HBV model involve the dynamic parameterization of every single HRU. In the runoff reservoirs of PREVAH, three runoff components are generated: quick surface runoff, interflow and baseflow. Baseflow is produced by a combination of two linear groundwater reservoirs (Schwarze et al., 1999) with a fast and a delayed component.
The calculation of flood routing is based on the combination of linear storages and translation components. To represent the dynamic nature of runoff processes in mountainous regions a one hour time interval was chosen for the calculations.
Model application and parameterization
PREVAH is applied to an aggregation of several cells, which need to exhibit similar hydrological properties. It is assumed that this aggregation is characterized by a uniform response behaviour. Such an aggregation of hydrologically similar units is called a HRU or a hydrotope (Engel, 1996; Moore et al, 1993) .
The criterion for the aggregation of grid cells into hydrotopes was based on expert knowledge about the spatial variation of hydrological processes and the structure of glaciated alpine basins. The HRU aggregation was realized using four levels of information classes (Nemec, 1993) (a) the level of the river system (identification of the channel network and the position of gauging stations); (b) the level of the meteorological input variables (precipitation, air temperature, global radiation, vapour pressure, sunshine duration, wind speed); (c) the topographic level (characterized by elevation, slope and aspect); and (d) the level of land surface characteristics (subdivision of surfaces according to vegetation or land surface characteristics, glaciated areas above and below the equilibrium line).
Within a 100 m elevation zone of a basin (level with uniform meteorological inputs), a specific hydrotope may be made up of several grid cells or an aggregation of grid cells at different geographic locations. The cells in each hydrotope are provided with a set of equal parameters and relevant starting values and are modelled as single units. For each hydrotope, a spatial and temporal model parameterization has been performed. With the grid size of 100 x 100 m and the above mentioned classification, 445 hydrotopes (distributed on 19 elevation intervals of 100 m) were generated for the Rhone/Gletsch basin. The simulation results of the various hydrotopes are first combined within each elevation zone and finally over the total investigated area.
Results
The calibrated parameters for the snow and glacier submodels of PREVAH are given in Table 1 . The simulation results for the water balance and the different runoff components are presented in Table 2 . In spite of the differences in the basic model structure between WaSiM-ETH and PREVAH, the simulated water balance is surprisingly nearly the same. The mean linear efficiency criterion, R 2 , calculated for the total simulation period (1990) (1991) (1992) (1993) (1994) (1995) (1996) is also 0.91. Only small differences in R can be detected for the individual years. These differences are mainly caused by the fact that PREVAH uses a slightly different strategy for simulating the runoff of the unglaciated and glaciated areas. Furthermore, PREVAH does not account for shadowing effects, which implies that lower values for the temperature and radiation melt factors {MF, <3 sn0 w/ice) need to be used than in WaSiM-ETH (see Table 1 ).
Although the runoff amounts for the unglaciated part of the basin (about 39% of the total runoff), simulated by PREVAH, are in agreement with the runoff calculated by WaSiM-ETH, some remarkable differences in the partitioning of the runoff components due to the structure of the submodels for runoff generation can be detected. Table 2 shows that PREVAH simulates more surface runoff and baseflow but less interflow than WaSiM-ETH. The values of the logarithmic efficiency criterion (Table 2 ), in which delayed discharges (i.e. the baseflow) have a larger weight than the discharge peaks, show that PREVAH comes to an exceptionally good agreement with the observed discharge, slightly better than the results achieved by WaSiM-ETH. The reason for that could be as follows: first, the method used for the generation of baseflow (the two storage concept) divides the baseflow into a fast and a delayed component (Schwarze et al., 1999) , and second, PREVAH, uses the simulated firn melt as input for the groundwater storages (i.e. same storage coefficients for firn melt and groundwater storages; Badoux, 1999) .
A mean monthly distribution of the water balance elements in Fig. 6 shows the highest precipitation values in the winter. The highest runoff values from May to August are connected with the main melt period. In May and June snow and glacier melt exceed the runoff. Especially in June and in July snow and glacier meltwater becomes groundwater. The groundwater storages in the lower basin parts are filled mainly in the summer months for delivering the baseflow discharge in the winter months. 
DISCUSSION
Both WaSiM-ETH and PREVAH have already been applied successfully to large unglaciated drainage basins such as the pre-alpine Thur basin and the Wernersbach basin located in Saxony, Germany (Schulla, 1997; Gurtz et al, 1999) . In this study, both models were used to simulate the discharge of the heavily glaciated Rhone basin above Gletsch. WaSiM-ETH, including the glacier submodel, simulated the seasonal variations in discharge, the diurnal discharge fluctuations and the time at which the melt period starts and terminates remarkably well. A drawback of the model is that in autumn the discharge volumes and the runoff peaks are often overestimated. Slightly better simulation results of the water balance and the runoff hydrographs for the Rhone/Gletsch basin were obtained with PREVAH. However, this does not imply that PREVAH is overall a better model than WaSiM-ETH. In this study, the baseflow in WaSiM-ETH is calculated using a single linear reservoir, whereas PREVAH uses two linear groundwater reservoirs: a fast and a delayed component. WaSiM-ETH includes the fast baseflow component as interflow from the unsaturated soil layers, which does not simulate baseflow as well as the two storage concept integrated in PREVAH. Besides, the assignment of the firn melt as percolation to the groundwater storages led to positive results in the Rhone catchment, as obtained with PREVAH. Nevertheless, WaSiM-ETH is a physically-based model and has more flexibility in separating surface runoff from interflow. Besides, it allows in general a better reproduction of flood events (Gurtz et ah, 2000) .
In both models, the simulated glacier runoff is about 61% of the total discharge (Table 2) . One third of the glacier runoff originates from ice melt whereas slightly more than half is produced by snowmelt from the glacier areas. Only about 15% of the glacier runoff originates from melt from the firn areas.
A possible cause of the simulation failures is the precipitation. Although precipitation data were gained from 19 raingauges in the surroundings of the Rhone/Gletsch basin, interpolating these data over the basin to get spatially distributed values is difficult. The relationship between altitude and precipitation and the threshold temperature below which precipitation consists of snow are especially difficult to determine.
Looking at the outflow hydrograph at Gletsch, it can be seen that the baseflow during winter and early spring seems to be produced by a large reservoir, since the discharge is almost constant. This large reservoir could be a basin characteristic of the Rhone valley above Gletsch. Near Gletsch, the Rhone valley is blocked by a natural dam of rock, that could prevent groundwater from flowing out of the basin (Lang, personal communication) . During the melting season, meltwater from the glacier infiltrates into the glacial sediments of the valley. During winter this reservoir is emptied, producing a rather constant baseflow. The hydrological processes due to these geological settings near Gletsch are, in general, difficult to model.
A part of the anomalies in the discharge simulations could be attributed to the inappropriate assumption of a linear reservoir approach to calculate the runoff from the different reservoirs. A linear reservoir implies that at any time discharge from a reservoir is proportional to its volume. The factor of proportionality is the storage constant, which depends on the glacier drainage system. During winter time, crevasses and passageways within the glacier close, resulting in a decrease in flow of water through the glacier. As the melt season progresses, the glacier drainage system evolves and more passageways develop. Discharge from the glacier reservoirs and the amplitude of the daily runoff variation depend on this temporal and spatial variability of the glacial drainage system, implying a non-linearity of the reservoirs (Rôthlisberger & Lang, 1987) .
Both the WaSiM-ETH and PREVAH models overestimated the discharges in autumn. The overestimation could be due to the passageways in the glacier that are narrowing or to the method that is used to calculate the melt rate. The temperature index method including incoming solar radiation does not account for all processes that influence the energy balance of a glacier. For example, during days with low water vapour pressure, much of the net radiation is used for evaporation, and less energy is available for glacier melt. However, the albedo value of snow is more important for the energy balance. Fresh snow has a considerably higher albedo than old snow. If, for example, fresh snow starts to cover the glacier in autumn, the albedo increases and less solar radiation is absorbed, resulting in a lower melt rate. Throughout the year, the albedo value of snow changes, resulting in melt rate fluctuations. For a better simulation of the melt rate throughout the year, variable albedo values or radiation melt factors should be introduced into the temperature index method. Hock (1999) used the temperature index method including solar radiation in a distributed glacier model to calculate the glacier melt for the main melt period. In that case, the influence of the albedo is small, whereas in this study the temperature index method is used for continuous simulation. Because WaSiM-ETH can be used for continuous simulation and calculating discharges throughout the whole year, it can also produce the areal distribution of the specific mass balance. These results could serve as input for a glacier flow model.
